Using the proposed Soil Moisture and Ocean Salinity (SMOS) mission as a case study, this paper investigates how the presence and nature of vegetation influence the values of geophysical variables retrieved from multi-angle microwave radiometer observations. Synthetic microwave brightness temperatures were generated using a model for the coherent propagation of electromagnetic radiation through a stratified medium applied to account simultaneously for the emission from both the soil and any vegetation canopy present. The synthetic data were calculated at the look-angles proposed for the SMOS mission for three different soil-moisture states (wet, medium wet and dry) and four different vegetation covers (nominally grass, crop, shrub and forest). A retrieval mimicking that proposed for SMOS was then used to retrieve soil moisture, vegetation water content and effective temperature for each set of synthetic observations. For the case of a bare soil with a uniform profile, the simpler Fresnel model proposed for use with SMOS gave identical estimates of brightness temperatures to the coherent model. However, to retrieve accurate geophysical parameters in the presence of vegetation, the opacity coefficient (one of two parameters used to describe the effect of vegetation on emission from the soil surface) used within the SMOS retrieval algorithm needed to be a function of lookangle, soil-moisture status, and vegetation cover. The effect of errors in the initial specification of the vegetation parameters within the coherent model was explored by imposing random errors in the values of these parameters before generating synthetic data and evaluating the errors in the geophysical parameters retrieved. Random errors of 10% result in systematic errors (up to 0.5°K, 3%, and ~0.2 kg m -2 for temperature, soil moisture, and vegetation content, respectively) and random errors (up to ~2°K, ~8%, and ~2 kg m -2 for temperature, soil moisture and vegetation content, respectively) that depend on vegetation cover and soil-moisture status.
Introduction
Evaporation from bare soil or from soil beneath vegetation, infiltration into the soil and, thus, surface runoff, are important aspects of the land-surface water and energy balance that are controlled by near-surface soil moisture (often defined to be that present in the uppermost 5 cm). Moreover, the uptake of soil water by vegetation for transpiration is, in part, controlled by soil moisture in the plants' rooting zone. Consequently, water and energy fluxes at the land-surface/atmosphere interface depend strongly on soil-moisture status (Kerr et al., 2001) . Weather and climate are, in turn, influenced significantly by the local and regional availability of soil moisture via the evaporation and transpiration processes.
Many observational and modelling studies have shown the potential of passive microwave remote sensing, particularly L-band (1.4 GHz frequency), for estimating near-surface soil moisture (Calvet et al., 1995; Chanzy et al., 1997; Jackson et al., 1999; Teng et al., 1993; Wang et al., 1990; Wigneron et al., 2000) . The development of robust retrieval algorithms for use with microwave brightness temperature measurements (e.g. Kerr et al., 2001; Njoku and Li, 1999; Wigneron et al., 2000) is essential if the retrieved soil moisture is to be used in, for example, climate analysis and prediction. Of particular uncertainty is the detailed effect of vegetation on the microwave emission from the soil surface. This is usually described by a single empirical parameter (Jackson and Schmugge, 1991) , the optical depth of the vegetation (i.e. the opacity coefficient multiplied by the vegetation water content).
The European Space Agency (ESA) has selected the Soil Moisture Ocean Salinity (SMOS) mission (http:// www.cesbio.upstlse.fr/indexsmos.html), with a proposed launch date in the 2003-2005 time frame. The SMOS mission will be based on a dual polarisation, L-band radiometer with an innovative aperture synthesis concept (a two-dimensional interferometer) that can achieve an onthe-ground resolution of ~50 km near the edge of the swath, coupled with multi-angular acquisition designed to deliver several key land-surface variables, namely, near-surface soil moisture, vegetation water content and effective temperature (Kerr et al., 2001; Wigneron et al., 2000) . Wigneron et al. (2000) used simulated SMOS observations created by adding random and systematic errors to the same model proposed for the SMOS retrieval algorithm to test the accuracy of that algorithm. This model assumes that the optical depth of the vegetation does not depend on either the polarisation of the radiation or the look-angle of the sensor. It also assumes that the opacity coefficient is independent of temperature and vegetation water content.
Recent work has, however, shown that the opacity coefficient depends on both the gravimetric water content of vegetation (Wigneron et al., 1996 (Wigneron et al., , 2000 Le Vine and Karam, 1996) and the temperature (Wigneron et al., 2000) . In addition, the canopy type and structure (Jackson and Schmugge, 1991) , the polarisation (van de Griend and Owe, 1996) and wavelength of the radiation (Jackson and Schmugge, 1991) and the look-angle of the sensor (van de Griend and Owe, 1996) may also influence the opacity coefficient. Because the influence of these factors on the accuracy of the retrieval algorithm is currently uncertain, an accurate description of the role of vegetation is a significant need if near-surface soil moisture is to be estimated reliably. Moreover, in the context of the SMOS mission, understanding the role of vegetation on overall microwave emission is particularly important because the water content of the vegetation is one of the geophysical variables to be retrieved and the large (~50 km) footprint of the sensor means that vegetation cover will rarely be homogeneous across the area sampled. Lee et al. (2002) extended an existing coherent radiative transfer model (Wilheit, 1978) to create what is, in effect, a new approach to modelling the effect of vegetation on passive microwave emission and explored the ability of their model to describe field data. This approach results in a plausibly realistic model of intermediate complexity that captures, adequately, most of the important features of the microwave emission of vegetation, such as the influence of canopy type/structure, polarisation and wavelength of the radiation, look-angle of the sensor and temperature and water content of vegetation. In the present study, the modelling approach of Lee et al. (2002) was adopted and used to simulate synthetic, multi-angle, L-band microwave brightness temperatures of different soil-vegetationatmosphere systems to investigate (a) the retrieval capability of the proposed SMOS retrieval algorithm; and (b) the effect of heterogeneity in vegetation parameters on retrievals made with the proposed SMOS retrieval algorithm.
Models and methods
As outlined above, the strategy adopted in this study was to use the extended Wilheit (1978) model for a linked soil and vegetation system to generate synthetic microwave observations equivalent to those that (it is proposed) the SMOS mission will make for a range of soil wetness states and vegetation covers. These synthetic data were then regarded as the "true" observations and the accuracy of retrievals made using a retrieval algorithm similar to that proposed for SMOS was assessed. This retrieval algorithm optimises a simple representation of the effect of vegetation on microwave emission against the synthetic observations of surface brightness temperatures at each position in the footprint of the sensor.
MULTI-LAYER MICROWAVE EMISSION MODEL
The Wilheit (1978) model for the coherent propagation of electromagnetic radiation through a stratified medium relates the microwave brightness temperatures transmitted through the surface-air interface of the medium to the dielectric properties and temperature of the underlying layers. Lee et al. (2002) extended the application of the original Wilheit (1978) microwave emission model upwards through the vegetation canopy to create a model of the microwave emission that represents both the soil and the vegetation together. Thus, in this extended Wilheit (1978) model, the vegetation canopy is assumed to be infinite in horizontal extent and to be made up of homogeneous, planar layers of dielectric medium, which lie above similar homogeneous, planar layers of dielectric medium representing the soil.
In the Lee et al. (2002) model, the dielectric of the vegetation matter itself (ε v ) is calculated assuming a linear version of the Dobson et al. (1985) mixing model (hitherto used for soils), i.e. from:
where ε dry , ε fw , and ε bw are the dielectric permittivities, and V dry , V fw , and V bw are the volume fractions of dry matter, free water and bounded water, respectively. It is assumed that ε dry , ε fw , and ε bw are independent of the vegetation water content because they are the permittivities of a pure sample of the dry matter, free water and bounded water if such an ideal, pure sample were physically available. The dielectric permittivity of the mixed vegetation matter and air that make up the vegetation canopy (ε can ) is assumed to be given by:
where ε air is the dielectric permittivity of air, V v is the fractional volume of vegetation elements per unit volume canopy and α is a "shape factor" (Note: In the case of the Dobson et al. (1985) mixing model for soils, α = 0.65.)
Equations (1) and (2) together calculate the dielectric constant for the canopy as a whole, and this amount of dielectric is then distributed vertically among the plane parallel layers above the soil. The heights of the top and bottom of the canopy, h t and h b , respectively, are specified but gradual changes in dielectric permittivity are simulated around these levels by introducing broadening that follows a Gaussian distribution with standard deviations σ t and σ b , respectively. This broadening reflects the natural variability between the individual plants that make up the canopy but its presence is also critical to the reliable operation of this coherent emission model. Avoiding sharp transitions in dielectric at canopy boundaries suppresses internal reflections within the canopy and the associated interference patterns in microwave emission. Lee et al. (2002) give a more detailed description of this phenomenon.
For the purpose of the present study and in the absence of any better information, the canopy dielectric permittivities ε dry , ε fw and ε bw in Eqn. (1) were set arbitrarily to the plausibly realistic values of (2.0, 0.1j), (77.2, 4.9j) and (4.0, 1.0j), respectively, while V dry , V fw and V bw were selected to represent a canopy which was 38% dry matter, the remainder being water assumed bound and free in equal amounts (V dry = 0.38; V fw = V bw = 0.31). The volume fraction of vegetation in the canopy, V v , and the shape factor, α, are required to calculate ε can from Eqn. (2). In this study, the vegetation volume fraction was estimated from the fresh weight of the vegetation per unit area of canopy, W fresh , and vegetation canopy structure parameters using the equation:
where ρ c is the density of the (fresh) vegetation in the canopy, estimated as [ρ dry V dry + 1000(1-V dry )] kg m -3
, with ρ dry = 330 kg m -3 (Ulaby and El-Rayes, 1987 ) the density of dry vegetation. (Note: in Eqn. (3), the re-normalisation factor, f r (usually close to unity), is included as a correction to allow for the possibility that (Gaussian) smoothing of the top and/ or bottom of the profile (unrealistically) distributes some of the canopy dielectric below ground level.) It is difficult to define the shape factor, α, used in Eqn. (2) on the basis of existing field data. However, using parameter optimisation techniques and the same values for ε dry , ε fw , and ε bw as in this study, Lee et al. (2002) obtained values of around 1.24 for a soybean canopy and, for the purpose or this exploratory study and in the absence of better information, this value was adopted for both horizontal and vertically polarised microwave radiation.
SIMULATION OF SYNTHETIC SMOS DATA
Synthetic microwave observations that correspond to those that will be provided during the SMOS mission were calculated using the extended Wilheit (1978) model (Lee et al., 2002) for a range of canopies and soil-moisture conditions. The calculations showed only limited sensitivity to the assumed nature of the soil and a soil particle size distribution of 75% sand and 5% clay was selected arbitrarily.
For the purpose of this modeling study, the temperature profiles in the soil and canopy were assumed uniform and set to 300 K, and the soil moisture profile was also assumed to be uniform, with calculations made for soil moisture contents (θ s ) of 30%, 18%, and 8%, these being respectively referred to as "wet", "medium wet" and "dry". Calculations were made for four different types of vegetation broadly corresponding to "grass", "crop", "shrub" and "tree": the values of h t and the vegetation water content, W vc , for these crops are given in Table 1 . A simple canopy structure was assumed with, in each case, σ t set to 35% of h t and σ b and h b set to zero. The brightness temperature of the complete soilvegetation profile for both horizontal and vertical polarised L-band microwave radiation was then calculated using the extended Wilheit (1978) model (Lee et al., 2002) for swath angle dependent ranges of look-angles (Table 2) corresponding to those proposed for the SMOS mission.
PROPOSED SMOS RETRIEVAL ALGORITHM
The retrieval algorithm used in this study mimics that proposed for the SMOS mission and delivers three variables over land surfaces, namely, near-surface soil moisture, the optical depth of the vegetation cover (or, by implication, vegetation water content) and the effective temperature of the land surface (assumed to be the same for the vegetation and the soil surface). The retrieval is based on the Fresnel model for microwave emission and assumes two distinct sources, a single, thin layer of vegetation and the surface of the soil beneath.
Thus, in the retrieval algorithm, the microwave emissivity of the soil surface, e s (which is equal to (1-r s ), where r s is the reflectivity of the soil surface) relates the microwave brightness temperature of the soil, T B (ϕp) (in deg K), to the ) ( Table 2 .
The available look-angles as a function of the half-swath angle proposed for the SMOS mission. The synthetic observations were simulated using these look-angles at each half-swath angle (Wigneron et al., 1999) 
where e s (ϕ,p) (1 ≥ e s ≥ 0) is the polarised specular emissivity of the soil medium at angle ϕ for polarisation state p and is related to the soil dielectric constant via the Fresnel equations. The soil dielectric constant is calculated from the soil-moisture content and soil particle size distribution using Dobson's (1985) model. The simple model of Jackson and Schmugge (1991) is used to describe the effect of vegetation overlying the soil surface in terms of an equivalent optical depth, τ, with:
where b is the opacity coefficient, and W vc is the vegetation water content in kg m -2 . By combining these simple concepts, Basharinov and Shutko (1975) presented a model for the microwave brightness temperature of an interface comprising a semiinfinite soil layer with physical temperature, T s (in ºK) and air-soil reflectivity r s (ϕ,p) with overlying vegetation with a physical temperature T v (in ºK),. This model is the basis for the algorithm, and the microwave brightness temperature is estimated as: (6) where α is the single-scattering albedo of the soil surface, and
is the transmissivity of the vegetation layer. This simple model is based on the following assumptions (Ulaby et al., 1986) :
(a) the single-scattering albedo is assumed to be independent of ϕ and p and small (0.04 ≤ α ≤ 0.12); (b) the air-vegetation reflectivity is assumed to be zero; and (c) r s is set to the air-soil reflectivity rather than the vegetation-soil reflectivity because the average index of refraction of the vegetation layer is only slightly larger than that of air. For simplicity, in the proposed SMOS retrieval algorithm, the soil temperature and vegetation temperature are assumed to be identical. Typically, the vegetation temperature drops below the soil temperature at night but, soon after sunrise, these temperatures are more similar: this assumption will influence the proposed timing of SMOS mission observations.
The SMOS mission will provide observations of surface brightness temperatures at several angles for each point on the ground, the number and selection of angles depending on the location of the point within the sensor footprint (Table  2) . Over land surfaces, the mission will provide three geophysical variables, near-surface soil moisture, vegetation optical depth (assumed related to vegetation water content via Eqn. (5)) and an effective land-surface temperature (assumed equal for soil and vegetation). An optimisation technique will be used to deliver these geophysical variables from the multi-angle measurements of microwave brightness temperatures. The present paper seeks insight on the capability to retrieve these variables and the dependence of this on the nature of the vegetation overlying the soil independent of any possible shortcoming in the particular optimisation technique that is ultimately adopted for the SMOS retrieval. For this reason, the best multi-parameter optimisation algorithm available, the Shuffled Complex Evolution algorithm (SCE-UA; Duan et al., 1993) has been used in this study.
The SCE-UA is a global optimisation strategy designed to be effective and efficient for a broad class of complex global optimisation problems. It combines the strengths of the simplex procedure of Nelder and Mead (1965) with the concepts of controlled random search (Price, 1987) , competitive evolution (Holland, 1975) and complex shuffling (Duan et al., 1993) . All of these help to ensure that the information contained in a data sample is efficiently and thoroughly exploited in the attempt to find a global optimum. Hence, the SCE-UA algorithm has good convergence properties over a broad range of problems and a high probability of succeeding in its objective of finding the global optimum (Duan et al., 1993) . The algorithm requires specification of a range of allowed values for each optimised variable. In this study, the range of values used in SCE-UA was 0-50% for soil moisture content (implicitly assumed constant with depth in the retrieval algorithm), 273-320 K for effective temperature (assumed equal for vegetation and soil in the retrieval algorithm) and 0-10 kg m -2 for vegetation water content. It is possible to match the estimates of microwave emission given by the simple two-source model used in the SMOS retrieval algorithm and estimates given by the (assumed to be more realistic) extended Wilheit (1978) model (Lee et al., 2002) by selecting an appropriate value of the optical depth, τ, or (for a specified value of vegetation water content) the opacity coefficient, b. Details of the derivation of the equivalent value of τ or b are given in the Appendix. In practice, it proved necessary to derive and use look-angle dependent effective values of b to achieve accurate retrieval of the geophysical variables when using the simple twosource model.
Results

MODEL EQUIVALENCE
The central goal of the present study is to use the presumably better representation of the effect of vegetation on microwave emission in the extended Wilheit (1978) model to evaluate the simpler representation of vegetation in the two-source model that is the basis of the proposed SMOS retrieval algorithm. It is first necessary to ensure that these two models give equivalent representation of the microwave emission from bare soil when no vegetation is present. Figure 1 shows a comparison of the microwave brightness temperature for bare soil and the soil reflectivity calculated by the two models for three different conditions of soil moisture (i.e. 30%, 18% and 8%). The agreement is excellent: the calculated values given by the two models are indistinguishable. Figure 2 shows a comparison between the microwave brightness temperature for the combined soil-vegetation system calculated by the extended Wilheit (1978) model and the two-source model used in the SMOS retrieval for the three different soil moisture levels and for four different vegetation covers representing grass, crops, shrub and forest, with the vegetation parameters given in Table 1 . In this comparison, the value of the opacity coefficient, b, was determined using the approach given in the Appendix to ensure equivalence at the nadir. In general, using this value at greater look-angles in the Fresnel model results in increased estimates of microwave brightness temperatures for all of the simulated canopies and for both polarisation states. These differences are larger at greater look-angles for canopies with lower vegetation water content (the difference is greatest for grass and least for forest) and for vertically polarised radiation.
Clearly, it is possible to use the approach described in the Appendix to ensure equivalence between the two different models by modifying the value of b at angles other than the nadir. In this way, it is possible to derive look-angle dependent functions specifying the value of b needed to give accurate retrieval with the proposed SMOS retrieval algorithm for each of the selected soil-moisture levels and for each specified vegetation cover. Figure 3 shows the required equivalent value of b needed for accurate retrieval as a function of look-angle and for both polarisation states. Consistent with Fig. 2 , the variation in the required value of b with look-angle is greater for vertically polarised radiation and for canopies with lower vegetation water content.
RETRIEVAL ACCURACY FOR HOMOGENEOUS VEGETATION
On the basis of these results, it is clear that to obtain truly accurate recovery using a retrieval algorithm based on the two-source Fresnel model in the presence of vegetation, it is necessary to allow for look-angle dependency in the effective value of b that changes with the vegetation cover and soil-moisture status. The mechanics of making such an allowance is peripheral to the present study and, for the remainder of this paper, it is assumed that corrections for this systematic effect have been made and that the appropriate value of b is being used in the retrieval. (In practice, perhaps these would be obtained from "look-up" tables applied in an iterative system). Outstanding issues are the accuracy of the retrieval of soil moisture, optical depth, and effective temperature from multi-angle data when using (in this study, state-of-the-art) optimisation techniques and the impact on that retrieval accuracy of having heterogeneous vegetation within a pixel. The process of retrieval involves searching for that combination of soil moisture, optical depth and effective temperature which, when used in the Fresnel model, calculates microwave brightness temperatures (with appropriate, effective value of b) at the set of look-angles corresponding to a specified position in the footprint of SMOS that most nearly corresponds to the simulated observations calculated by the extended Wilheit (1978) model. In this study, searching for the preferred combination of variables involved randomly initiating the SCE-UA (8, 18, and 30%) and four different vegetation covers specified in Table 1 using a constant opacity coefficient, b, the value being specified to ensure equality between the two models at the nadir. optimisation procedure within the allowed range of the required variables and allowing it to find that combination with minimum root mean square error (RMSE) between the brightness temperature calculated with the Fresnel model and the synthetic observations. In general, different random initiations of the SCE-UA algorithm resulted in the same set of values for the three required variables. Figure 4 shows the results of applying the retrieval process with different vegetation covers and with different soil moisture states. In Fig. 4 , the location of the sampled point within the SMOS footprint is specified on the horizontal axis as a function of the half-swath angle. Errors are given relative to the fixed equivalent values used in the forward calculations made with the extended Wilheit (1978) When changes in the effective value of b are taken into account, the retrieval is very successful with errors in soil moisture typically less than 0.5%, in vegetation water content less than 0.1 kg m -2 and with very small errors (0.1 K) in effective temperature. There is a tendency for the errors in the retrieved values, especially those in soil moisture, to be greater for bigger half-swath angles. This is, presumably, a consequence of the fact that the number of angles for which observations will be made in the SMOS mission reduces with half-swath angle. There is little evidence that retrieval errors change significantly with soil moisture status. However, there is some suggestion that the retrieval errors, at least for surface soil moisture, are greater for forest vegetation than for the other vegetation classes.
. Microwave brightness temperature (°K) as a function of look-angle (°) for three different conditions of soil wetness
RETRIEVAL ACCURACY FOR HETEROGENEOUS VEGETATION
The accuracy of the retrievals depends on the nature of the overlying vegetation and requires appropriate specification of vegetation-related parameters. However, in practice, even within one land-cover type and particularly for pixel sizes 50 km, there will be a large variation in the nature of the vegetation and hence the vegetation-related parameters. To explore the impact of realistic variability in the vegetation on the quality of retrieval, one thousand forward calculations of synthetic SMOS observations were made for selected half-swath angles, soil moisture states and vegetation covers, as before, with the vegetation parameters in the extended Wilheit (1978) model randomly selected around the values previously used following a Gaussian distribution with a standard deviation equal to 10% of their (previously fixed) value. Retrievals were then made in each case using the SCE-UA optimisation procedure and the mean and standard deviation of the retrieved geophysical variables calculated. Figure 5 shows the mean of the retrieved variables obtained using the procedure just outlined. In this figure, the location of the sampled point within the SMOS footprint is again specified on the horizontal axis in terms of the halfswath angle, and errors are again given relative to the fixed equivalent values used in the forward calculations in percent for soil moisture, 10 decrease in vegetation water content). In the case of forest cover, there is also some tendency for the systematic error in retrieved soil moisture to increase with half-swath angle, presumably because the sampled range of look-angles changes and, on average, the absolute values increase as the half-swath angle increases.
Imposing random errors in vegetation-related parameters generates both systematic and random errors in the retrieved variables. Table 3 gives the systematic bias and standard deviation of the retrieved values of soil moisture, vegetation water content and effective temperature at zero swath angle when 10% random errors are introduced into the vegetationrelated parameters used to calculate the synthetic observations using the extended Wilheit model. In general, the absolute values of the systematic errors are small and less than 1% by volume in soil water content (but up to 3% for forest cover over moist soil), less than 0.1 kg m -2 in vegetation water content (but up to 0.1 kg m -2 for shrub cover over moist soil) and typically ~0.1 K in temperature (but up to ~0.5 K for grass cover over moist soil). The random errors in retrieved variables (here in all cases expressed in terms of the standard deviation of retrieved values) differ with the retrieved variable. The random error in soil moisture increases with soil wetness, being typicallỹ 1-3% for grass, crop and shrub cover but is much larger both in absolute terms (up to 8%) and as a fraction of soilwater content for forest cover. Perhaps not surprisingly, the random error in vegetation water content generated by introducing 10% errors in vegetation parameters (largest in absolute terms for forest cover) is high in percentage terms (25--40%) for all cover types and soil-moisture conditions. While the random error in retrieved temperature is small for forest cover, it increases to ~2 K for grass cover over moist soil.
It is interesting to see how the systematic errors and the shows the error in the retrieved variables for crop and forest cover for medium soil moisture status (18%) as a function of the standard deviation of the random error added to the vegetation parameters in the extended Wilheit (1978) regardless of the imposed errors in vegetation parameters. However, as the standard deviation of the random errors increases, the systematic error in the retrieved soil moisture and vegetation water content increases. The systematic error in the retrieved soil moisture increases more significantly than in vegetation water content for forest cover, and viceversa for the crop cover. This might be expected because of the greater sensitivity of the microwave brightness temperature to the soil moisture when covered with vegetation with less water content. The random errors in soil moisture and vegetation water content also increase as the random error in vegetation parameter increases, and become large, particularly in the case of forest cover.
Summary and conclusions
This study investigated the potential sensitivity of the values of near-surface soil moisture, vegetation water content and effective temperature retrieved from multi-angle microwave radiometer observations to the presence and nature of vegetation cover, with the proposed SMOS mission used as a case study. The strategy adopted was, firstly, to simulate the range of observations of microwave brightness temperature that (it is proposed) SMOS will make using an extended version of the Wilheit (1978) model (Lee et al., 2002) for three different soil moisture states (wet, medium and dry) and four different vegetation covers (grass, crop, shrub and forest). Then, the required values were found using a retrieval approach that mimicked that proposed for the SMOS mission in that it assumed a two-source Fresnel representation of microwave emission and used advanced optimization techniques.
The primary conclusions of the present study are as follows:
When describing the microwave emission of bare soil, the simple two-source (Fresnel) model of microwave emission used in the proposed SMOS retrieval and the extended Wilheit (1978) model are consistent. When describing the microwave emission of vegetationcovered soil, the simple two-source model of microwave emission is not consistent in detail with the extended Wilheit (1978) model and cannot therefore be used to retrieve accurate values of near-surface soil moisture, vegetation water content and effective temperature unless effective values of the opacity coefficient, b, that vary with look-angle, soil moisture status and vegetation cover are used. If effective values of the opacity coefficient are used, the proposed SMOS retrieval algorithm gives very good retrievals, with errors in soil moisture typically of the order of 1%; in vegetation water content less than 0.5%; and with very small errors in effective temperature. With multi-angle microwave radiometers and a retrieval algorithm based on the simple two-source (Fresnel) model, heterogeneity within the vegetation cover (as represented by introducing 10% random error in vegetation parameters) can result in both systematic and random errors in retrieved values which are vegetation cover and soil-moisture status dependent. Systematic errors in retrieved variables induced by 10% random errors in vegetation parameters are up to 0.5 K for temperature (worst for grass cover and moist soil), up to 3% in soil moisture (worst for forest cover and moist soil), and up to ~0.2 kg m -2 for vegetation content (worst for shrub cover). Random errors so induced are up to ~2°K for temperature (worst for grass cover and moist soil), up to ~8% in soil moisture (worst for forest cover and moist soil), and up to ~2 kg m -2 for vegetation content (worst for forest cover). The size of both systematic and random errors increases with the heterogeneity in vegetation cover (as represented by random error in vegetation parameters) for all cover types; the systematic error in the retrieved soil moisture increases more significantly than in vegetation water content for forest cover, and vice-versa for the crop cover.
APPENDIX
DERIVATION OF EQUIVALENT OPTICAL DEPTH
The extended Wilheit (1978) model (Lee et al., 2002) calculates the microwave brightness temperature, T B,all , of the complete soil-vegetation-atmosphere interface as: 
In the simpler, two-layer Fresnel model of the soilvegetation-atmosphere interface, vegetation is treated as an absorbing layer with a transmissivity, Γ, which is described in terms of an optical depth, τ, (Kirdyashev et al., 1979) that depends on the vegetation dielectric properties, the plant shape or structure, the wavelength and polarisation of the radiation, and the look angle, ϕ, (Jackson and Schmugge, 1991) . Thus:
In this expression, τ is often written (see, for instance, Jackson and Schmugge, 1991) as: ) and b, the opacity coefficient, is a parameter that represents all of the other influences of vegetation on optical depth.
Assuming there is no scattering of radiation at long wavelengths, the two-layer model gives the overall microwave brightness temperature of the soil-vegetationatmosphere interface as:
